Introduction {#s1}
============

Sickle cell disease (SCD) is a common genetic disorder that causes hemolysis and superimposed acute and chronic complications by vaso-occlusion, vascular injury, and ultimately organ damage leading to death. It affects more than 100,000 individuals in the USA, the majority of whom are African-American (AA) \[[@R01]\]. With the recent advancements in the treatment and screening, there is some evidence that survival of patients with SCD has improved \[[@R02]\]. In 1973, the estimated mean age at death of SCD patients in the USA was 14.3 years, with 50% of deaths occurring during the first 5 years of life \[[@R03]\]. By early 1990s, the cooperative study of SCD estimated a median life expectancy of those with sickle cell anemia, the most severe form of the disease, of 42 years for men and 48 years for women \[[@R04]\]. Incidence of complications, such as stroke in children with SCD, has also decreased \[[@R05]\]. This dramatic improvement has been attributed to several interventions starting in early childhood, including widespread newborn screening programs, the use of penicillin prophylaxis, hydroxyurea, and pneumococcal vaccination. However, population-based analysis from 1998 to 2008 did not show a steady decrease in hospitalization rates of sickle cell patients \[[@R06]\] and studies of most recent hospitalization trends are not yet available. The objective of our study was to describe annual national trends in hospitalization rates, in-hospital mortality, hospital length of stay (LOS) and costs of SCD admissions due to its complications from 2004 to 2012, using large administrative data set.

Methods {#s2}
=======

We obtained the study population from Nationwide Inpatient Sample (NIS) of Agency for Healthcare Research and Quality (AHRQ) Healthcare Cost and Utilization Project (HCUP), from 2004 to 2012. Appropriate weighting was used to produce accurate nation-wide estimates.

Study population was limited to AA of any age, admitted with any of International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) diagnostic codes for SCD, with or without evidence of crisis, who additionally had documented ICD-9-CM codes for SCD-related complications (acute chest syndrome, splenic sequestration, bacterial pneumonia, cerebro-vascular accidents, deep vein thrombosis (DVT) or pulmonary embolism, retinal circulation complications, priapism, disorders related to biliary stones, sepsis, or those required blood transfusions). Annual estimates of AA population were provided by U.S. Census Bureau, to account for growing US population and to produce hospitalization rates. Corresponding ICD-9-CM codes can be found in Supplementary 1 (<http://www.thejh.org/index.php/jh>).

Next, weighted annual and monthly admission rates, annual and monthly mortality rates, values of LOS and hospital charges were calculated. Monthly hospitalization rates or metrics represent a time series and can be therefore analyzed with special tools, as seasonal and trend decomposition.

Time series seasonal and trend decomposition was performed to split original rates into trend component (representing long-term yearly changes), seasonal component (circannual changes), and residual, or random, component (noise). Locally estimated scatterplot smoothing (LOESS) was selected as a decomposition method as it provided minimal autocorrelation of residual component of the time series, which proves absence of hidden, undetected patterns.

Results {#s3}
=======

Admission rates and characteristics {#s3a}
-----------------------------------

Annual characteristics of hospitalizations for SCD complications are summarized in [Table 1](#T1){ref-type="table"}. We observed a 30% rise in hospital admissions from 39,802 admissions (106 per 100,000 AA population) in 2004 to 56,635 admissions (137 per 100,000 AA population) in 2012 ([Fig. 1](#F1){ref-type="fig"}). There was a steady uptrend from 106 per 100,000 AA population to 157 in 2010, but then it decreased slightly from 157 in 2010 to 137 in 2012. Female proportion was higher than male proportion in all the years (58.7% vs. 41.3%) with an average age of 33.38 ± 11.70. Over years, the average age of hospitalized sickle cell patients did not demonstrate clinically significant difference; however, it reached statistical significance due to large sample size.

###### Annual Hospitalization Rates, Demographics, Hospital-Level Characteristics, Mortality, LOS and Charges

                                                           2004                                  2005                                  2006                                   2007                                   2008                                   2009                                   2010                                   2011                                   2012                                   
  -------------------------------------------------------- ------------------------------------- ------------------------------------- -------------------------------------- -------------------------------------- -------------------------------------- -------------------------------------- -------------------------------------- -------------------------------------- -------------------------------------- ----------------
  N admissions, weighted                                   39,802                                45,957                                43,916                                 49,440                                 48,639                                 52,181                                 63,277                                 57,861                                 56,635                                 
  Black population                                         37,510,582                            37,961,688                            38,443,048                             38,935,533                             39,429,414                             39,902,270                             40,357,516                             40,775,287                             41,204,793                             
  Hospitalization rate, per 100,000                        106.1                                 121.1                                 114.2                                  127.0                                  123.4                                  130.8                                  156.8                                  141.9                                  137.4                                  
  Gender\*                                                 Male                                  17,819 (44.8%)                        20,991 (45.8%)                         18,715 (42.7%)                         21,736 (44.0%)                         21,669 (44.6%)                         23,305 (44.7%)                         27,796 (44.0%)                         24,057 (41.6%)                         24,595 (43.4%)
  Female                                                   21,922 (55.2%)                        24,857 (54.2%)                        25,105 (57.3%)                         27,645 (56.0%)                         26,885 (55.4%)                         28,794 (55.3%)                         35,396 (56.0%)                         33,743 (58.4%)                         32,040 (56.6%)                         
  Median household income quartile\*                       First                                 20,831 (53.1%)                        20,296 (45.1%)                         20,573 (47.9%)                         23,467 (49.0%)                         24,161 (50.6%)                         23,066 (45.7%)                         29,583 (48.6%)                         26,803 (47.3%)                         26,780 (48.4%)
  Second                                                   8,907 (22.7%)                         10,876 (24.2%)                        10,595 (24.7%)                         11,028 (23.0%)                         10,494 (22.0%)                         12,915 (25.6%)                         14,466 (23.8%)                         12,076 (21.3%)                         12,055 (21.8%)                         
  Third                                                    5,395 (13.8%)                         8,281 (18.4%)                         7,434 (17.3%)                          7,896 (16.5%)                          8,054 (16.9%)                          8,175 (16.2%)                          10,274 (16.9%)                         11,420 (20.1%)                         9,830 (17.8%)                          
  Fourth                                                   4,071 (10.4%)                         5,501 (12.2%)                         4,314 (10.1%)                          5,464 (11.4%)                          5,034 (10.5%)                          6,319 (12.5%)                          6,541 (10.7%)                          6,402 (11.3%)                          6,690 (12.1%)                          
  In-hospital mortality, N (%)†                            409 (1.03%)                           401 (0.87%)                           459 (1.05%)                            473 (0.96%)                            440 (0.90%)                            490 (0.94%)                            534 (0.84%)                            494 (0.85%)                            575 (1.02%)                            
  Primary payer\*                                          Medicare                              10,028 (25.3%)                        10,966 (23.9%)                         11,812 (26.9%)                         13,407 (27.2%)                         13,283 (27.4%)                         15,183 (29.2%)                         17,078 (27.1%)                         18,729 (32.4%)                         17,500 (31.0%)
  Medicaid                                                 20,151 (50.9%)                        22,720 (49.5%)                        20,648 (47.0%)                         22,116 (44.8%)                         20,070 (47.5%)                         24,029 (46.1%)                         29,722 (27.1%)                         25,298 (43.8%)                         25,910 (45.8%)                         
  Private                                                  7,073 (17.9%)                         9,045 (19.7%)                         8,670 (19.8%)                          9,204 (18.7%)                          9,046 (18.6%)                          8,790 (16.9%)                          12,065 (19.1%)                         10,420 (18.0%)                         9,390 (16.6%)                          
  Self-pay                                                 1,290 (3.3%)                          1,587 (3.5%)                          1309 (3.0%)                            2,231 (4.5%)                           1,894 (3.9%)                           2,559 (4.9%)                           2,498 (4.0%)                           1,916 (3.3%)                           2,045 (3.6%)                           
  No charge                                                163 (0.4%)                            208 (0.5%)                            31 (0.1%)                              406 (0.8%)                             202 (0.4%)                             207 (0.4%)                             223 (0.4%)                             136 (0.2%)                             165 (0.3%)                             
  Admission type\*                                         Emergency                             28,159 (75.3%)                        31,167 (72.8%)                         31,285 (76.6%)                         36,117 (76.7%)                         35,150 (78.4%)                         35,852 (74.5%)                         45,337 (75.6%)                         41,226 (76.4%)                         N/A
  Urgent                                                   5,665 (15.1%)                         6,404 (15.0%)                         5,944 (14.6%)                          6,535 (13.9%)                          5,566 (12.4%)                          8,812 (18.3%)                          9,008 (15.0%)                          8,388 (15.6%)                                                                 
  Elective                                                 3,558 (9.5%)                          4,803 (11.2%)                         3,601 (8.8%)                           4,405 (9.4%)                           4,108 (9.2%)                           3,433 (7.1%)                           5,592 (9.3%)                           4,276 (7.9%)                                                                  
  Location & teaching status of hospital\*                 Rural                                 1,929 (4.8%)                          2,858 (6.2%)                           2,470 (5.6%)                           3,071 (6.2%)                           2,744 (5.6%)                           2,483 (4.9%)                           3,219 (5.2%)                           4,085 (7.2%)                           2,475 (4.4%)
  Urban nonteach.                                          11,704 (29.4%)                        12,390 (27.0%)                        12,068 (27.5%)                         14,693 (29.8%)                         14,396 (29.6%)                         15,373 (30.6%)                         14,431 (23.3%)                         16,932 (29.7%)                         14,980 (26.5%)                         
  Urban teach.                                             26,168 (65.7%)                        30,709 (66.8%)                        29,304 (66.8%)                         31,617 (64.0%)                         31,499 (64.8%)                         32,371 (64.4%)                         44,460 (71.6%)                         36,087 (63.2%)                         39,180 (69.2%)                         
  Region of hospital\*                                     Northeast                             8,168 (20.5%)                         8,386 (18.2%)                          10,878 (24.8%)                         7,938 (16.1%)                          9,238 (19.0%)                          9,676 (18.5%)                          12,157 (19.2%)                         11,308 (19.5%)                         11,165 (19.7%)
  Midwest                                                  7,338 (18.4%)                         8,859 (19.3%)                         7,724 (17.6%)                          8,284 (16.8%)                          6,396 (13.2%)                          11,386 (21.8%)                         9,920 (15.7%)                          10,114 (17.5%)                         10,355 (18.3%)                         
  South                                                    21,398 (53.8%)                        24,353 (53.0%)                        21,164 (48.2%)                         29,550 (59.8%)                         27,559 (56.7%)                         25,769 (49.4%)                         36,709 (58.0%)                         31,326 (54.1%)                         29,280 (51.7%)                         
  West                                                     2,898 (7.3%)                          4,359 (9.5%)                          4,150 (9.4%)                           3,668 (7.4%)                           5,446 (11.2%)                          5,350 (10.3%)                          4,492 (7.1%)                           5,112 (8.8%)                           5,835 (10.3%)                          
  Age, years\*\*, mean ± SD, median (IQR)                  28.7 ± 14.5, 27 (20 - 38)             27.4 ± 15.1, 26 (17 - 37)             29.68 ± 14.44, 28 (20 - 39)            29.65 ± 14.35, 28 (21 - 39)            29.64 ± 14.50, 28 (21 - 39)            30.30 ± 14.29, 29 (22 - 40)            28.77 ± 14.73, 27 (20 - 37)            31.47 ± 14.21, 30 (22 - 40)            30.34 ± 14.84, 29 (22 - 39)            
  LOS, days\*\*, mean ± SD, median (IQR)                   7.12 ± 7.65, 5 (3 - 9)                7.08 ± 8.24 5 (3 - 8)                 7.05 ± 7.94, 5 (3 - 9)                 6.97 ± 7.49, 5 (3 - 8)                 6.61 ± 6.85, 5 (3 - 8)                 6.46 ± 6.25, 5 (3 - 8)                 6.40 ± 6.43, 5 (3 - 8)                 6.37 ± 7.16, 5 (3 - 8)                 6.23 ± 6.42, 5 (3 -8)                  
  Charges, thousand dollars\*\*, mean ± SD, median (IQR)   25.36 ± 37.91, 15.35 (8.99 - 27.57)   27.33 ± 39.83, 16.32 (9.19 - 29.96)   29.86 ± 41.64, 18.15 (10.39 - 34.09)   33.38 ± 49.69, 20.51 (11.66 - 36.88)   30.98 ± 44.57, 19.26 (11.45 - 35.19)   35.32 ± 47.72, 21.95 (12.47 - 39.75)   35.49 ± 50.34, 22.14 (12.80 - 40.48)   39.03 ± 80.02, 23.54 (13.81 - 42.37)   41.32 ± 68.74, 24.78 (14.37 - 45.24)   

\*P \< 0.001 by Chi-squared test; \*\*P \< 0.001 by independent samples Kruskal-Wallis test (for skewed distributions).

![Monthly incidence of hospitalizations for SCD complications, per 100,000 African-American population. SCD: sickle cell disease.](jh-08-011-g001){#F1}

Number of admissions increased the most in the West region (2-fold increase from 2004 to 2012 compared to 1.3 - 1.4 in North East, South and West).

Seasonal decomposition revealed relatively uniform admission rate throughout the year with exception for January, with the highest hospitalization rate, and December, with significant trough ([Fig. 2](#F2){ref-type="fig"}).

![Seasonal deviation in monthly hospitalization rates, per 100,000 AA population. AA: African-American.](jh-08-011-g002){#F2}

Complication rate {#s3b}
-----------------

Pure complications (i.e. present given complication with absence of other complications) were analyzed ([Fig. 3](#F3){ref-type="fig"}). Acute pain crisis and anemia requiring blood transfusion were the most common reasons for admission in 2004 - 2012 time span (374,335 and 222,411 admissions respectively), followed by DVT, sepsis, and biliary tract disorders. Overall, the trend of admission rate per 100,000 AA population for each complication increased from 2004 to 2010 except for biliary pathology. From 2010 to 2012, admission rate for all complications started to decline, except for priapism, DVT and disturbances of retinal circulation. The results are almost similar when we counted admissions for individual complications but with other overlapping complications.

![Trend in number of admissions for individual complications.](jh-08-011-g003){#F3}

Average LOS, costs, and in-hospital mortality {#s3c}
---------------------------------------------

Over the period of 9 years, average LOS of admissions for any complications decreased from 7.12 ± 7.65 days in 2004 to 6.23 ± 6.42 days in 2012 (P \< 0.001).

The average total charges of each hospital stay increased by 1.5 times from 25.36 (95% confidence interval (CI) 8.99 -27.57) in 2004 to 41.32 (95% CI 14.37 - 45.24) in 2012. This increase was monotonous with no declines.

Absolute mortality rates did not change in clinically significant way, being 1.03% in 2009, and with minimal value of 0.84% in 2010, and 1.02% in 2012 ([Fig. 4](#F4){ref-type="fig"}).

![Seasonal deviation in in-hospital mortality rate, per 100,000 hospitalizations.](jh-08-011-g004){#F4}

Discussion {#s4}
==========

To the best of our knowledge, our study is the first to examine the most recent longitudinal data for hospitalizations due to complications of SCD. Our study found an increase in admission rate in adult AA population up to about 30% in the period from 2004 to 2012. In an era of advances in complication prevention and treatment of SCD, especially since hydroxyurea was approved by Food and Drug Administration (FDA) in 1996, this increase in complication-related admissions could be explained by improvement in SCD diagnostic rate by implementation of state-wide newborn screening programs in the early 1980s - 1990s \[[@R07]\]. Another possibility is that the patients with advances in treatment now have a longer life expectancy and are admitted more frequently for SCD complications. Okam et al in their NIS study \[[@R06]\] also found a statistically non-significant fluctuation in general admissions with a diagnosis of SCD in a period from 1998 to 2008.

Interestingly, based on seasonal decomposition, observed hospitalization rate was highest in January with significant decline in December. The rest of the years were characterized by relatively uniform admission rate with mild inter-month fluctuations. This pattern occurred independently of the year. Smith et al observed this pattern in a study of 299 patients and found that sickle cell pain intensity usually peaked in late fall/early winter and troughed in spring. Patients with SCD exhibit hypersensitivity to thermal stimuli \[[@R08]\] and often report cooler weather or exposure to cold as the most important precipitating factor for painful vaso-occlusive crises (VOCs) \[[@R9]-[@R11]\]. The reflex constriction of superficial blood vessels in response to skin cooling is enhanced in SCD as compared to normal individuals. Serjeant and Chalmers hypothesized that this vasoconstriction may be associated with diversion of blood ("vascular steal") away from active bone marrow and may cause avascular necrosis and precipitate VOC \[[@R12]\].

Of all the causes of admissions, acute pain crisis and anemia requiring blood transfusion topped among all other complications. Biliary pathology related admissions were the only one that decreased over time. Admission rates for all other complications increased but started to stabilize from 2010 to 2012, except DVT which significantly increased over 8 years. Although hydroxyurea seems to decrease coagulation markers, its effect on venous thrombosis is still unclear \[[@R13], [@R14]\]. In general population, despite the advances in pharmacotherapy, admission rates for DVT did not decrease in a 10-year period \[[@R15]\]. In SCD patients who harbor SCD-related risk factors as well as frequent hospitalizations for pain and complications, our finding of increased admission rate for DVT could be explained.

Overall, there was a decrease in average LOS. However, in-hospital mortality associated with patients admitted for complications of SCD did not change significantly over 9 years from 2004 to 2012. Since hydroxyurea was first approved for adult patients with SCD in 1998, its long-term use has been proved to prevent and shorten hospital duration of stay due to complications and improve survival \[[@R03], [@R16]\] but data on whether this medication has effect on in-hospital mortality is limited. In addition, advances in therapy for SCD including immunomodulatory drugs, DNA-methyltransferase inhibitors and hematologic stem cell transplant were not widely implemented in the period of 2004 - 2012. The fact of decreased LOS with increased admission rate also raised questions about possible readmission rate which was beyond the scope of our study.

Our results showed a tremendous increase in hospital cost over the time frame of 9 years. Increasing disposition, greater complexity of treatments, and ageing population are some causes of this hospital cost increase. The financial side of healthcare delivery has been more and more of a staggering burden for the economy.

Limitations {#s4a}
-----------

Although we have included all reasonable ICD-9-CM codes for SCD and its complications, our study was based on nosology units which has billable codes, and thus is susceptible to errors arising from coding inaccuracies. Second, we attempted to include all the complications that are possibly contributed by SCD but in fact, this could be related to other comorbidities of individual patients as well. This could result in an overestimation of admissions due to complications only related to SCD. The database we used also allowed us to study only in-hospital mortality but did not have value in follow-up outcomes. Nevertheless, this study has provided with an important and objective general overview of a large sample of hospitalized SCD patients over a relatively long period of time.

Conclusions {#s4b}
-----------

From 2004 to 2012, admission rate for SCD-related complications increased. Most common complications were acute pain crisis and blood transfusion requirement. Amongst all the complications, biliary pathology related admissions decreased while all other complications increased with DVT rising remarkably. Average length of hospital stay decreased during this period with an increased trend in hospital charges. However, in-hospital mortality remained unchanged.
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